Abstract. The purpose of this study was to develop a practical cryopreservation method for in vitroproduced (IVP) and sex-predetermined bovine blastocysts that will be applicable to direct transfer of the post-thaw embryos. Blastocysts were harvested 7 days after IVF and allocated to either an intact or biopsy group. The cryoprotective solution contained 0.7 M glycerol and 0, 0.05 or 0.1 M sucrose. Slow cooling at a rate of -0.5 C/min was terminated at -25, -30, or -35 C, and rapid cooling in liquid nitrogen was followed. After one-step thawing and dilution, the IVP blastocysts were cultured for 3 days to assess their survival. The post-thaw survival rate of intact blastocysts after termination of slow cooling at -30 C in 0.7 M glycerol plus 0.1 M sucrose (96.2%) was significantly higher than that at -25 C in 0.7 M glycerol alone (44.4%). The post-thaw survival rate of biopsied bovine blastocysts after termination of slow cooling at -25 C in 0.7 M glycerol alone (53.8%) tended to be lower than that at -25 C in 0.7 M glycerol plus 0.05 M sucrose (91.3%) or -30 C in 0.7 M glycerol plus 0.1 M sucrose (92.3%). Thus, addition of a small amount of sucrose to 0.7 M glycerol cryoprotective solution shortened the process of slow cooling for both the intact and biopsied bovine embryos. Judged from the survival levels in vitro after thawing and one-step dilution of embryos (>80%), this is an improved method of cryopreservation for subsequent direct transfer of IVP and biopsied bovine blastocysts.
ethylene glycol as the CPA, the cryopreservation procedure needs to be improved especially for in vivo embryos of lower grades, IVP embryos, and biopsied embryos for sex-predetermination. Palasz et al. [8] reported that the survival of in vivo-derived bovine embryos frozen-thawed in the presence of 0.7 M glycerol was comparable to those frozenthawed in the presence of 1.4 M glycerol, allowing one-step dilution of post-thaw embryos. In their study, a small amount of sucrose, a non-permeating CPA, was added to the freezing solution to prevent the detrimental effects of rapid and excess influx of water on embryos during one-step dilution [6, 9] . We found that most mouse 8-cell embryos can develop into blastocysts even in culture medium containing 0.7 M glycerol, but the addition of sucrose to the medium affected the in vitro development of 8-cell embryos [10] .
The objective of the present study was to develop an efficient cryopreservation procedure for IVP bovine blastocysts after biopsy treatment. The in vitro survival of the embryos after freezing/ thawing and the one-step dilution process were compared for those cooled slowly to different subzero temperatures in the presence of 0.7 M glycerol with or without sucrose.
Materials and Methods

IVP embryos
B ov i n e e m b r y os w e r e pr od u ce d i n v it r o according to a method described previously [11] . Briefly, cumulus-oocyte complexes (COCs) from abattoir-derived ovaries were cultured in TCM199 m e d i u m ( I n v i t r o g e n , C a r ls b ad , C A , U S A ) supplemented with 5% (v/v) fetal calf serum (FCS; Cansera International, Etobicoke, ON, Canada), 0.002 AU/ml FSH (Antrin; Denka Kagaku Kogyo, Kawasaki, Japan), and 1 µg/ml estradiol-17β (Sigma Chemical, St. Louis, MO, USA) for 22 h at 38.5 C in 5% CO 2 in air with a density of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] COCs per 750 µl of medium. A frozen-thawed sperm suspension (5 × 10 6 sperm/ml) was prepared in Brackett and Oliphant (BO) medium [12] supplemented with 20 mg/ml BSA (Sigma) and 20 µg/ml heparin (Novo-Heparin 100; Novo Nordisk, O s a k a , J a p a n ) a f t e r f i r s t w a s h i n g w i t h a discontinuous gradie nt of 90/ 45% Per coll (Pharmacia, Uppsala, Sweden) for 20 min at 700 × g and second washing with BSA-free BO medium supplemented with 5 mM theophylline (Sigma) for 5 min at 500 × g. For IVF, a 50 µl sperm suspension was added to 20-25 COCs in a 50 µl microdrop of BO/BSA/heparin medium under mineral oil (Nacalai Tesque, Kyoto, Japan). Six h after in vitro fertilization (IVF), the oocytes were freed from cumulus cells by vortex mixing in Ca 2+ -and Mg
2+
free Dulbecco's phosphate-buffered saline (D-PBS) (Nissui Pharmaceutical, Tokyo, Japan) containing 0.025% hyaluronidase (Sigma). The presumptive zygotes were cultured for 3 days in CR1aa medium [13] supplemented with 3 mg/ml fatty acid-free BSA (Sigma) and 0.25 mg/ml linoleic acid-albumin (LAA; Sigma) and for 2 days in CR1aa medium supplemented with 5% FCS in a 4-well multidish at 38.5 C in 5% CO 2 
Biopsy of blastocysts
Blastocysts of code-1 quality (equivalent to "excellent" and "good" in the International Embryo Transfer Society grading system [14] ) were harvested 7 days after IVF and biopsied according to the method described by Matsumoto et al. [15] .
Briefly, the blastocysts were placed into 200 µl droplets of BMOC-3 medium [16] supplemented with 20% FCS and 1.0% Solcoseryl ® (Solco Basel, Birsfelden, Switzerland) in a 90-mm Petri dish without overlaying mineral oil. We used a metal blade (Feather Safety Razor, Osaka, Japan) attached to a micromanipulator to split approximately 20 to 30% of the total cells from the blastocysts. The biopsied blastocysts were further cultured in the BMOC-3/FCS/Solcoseryl ® medium at 38.5 C in 5% CO2, 5% O2 and 90% N2 for 1 h and in TCM199/ FCS/β-me medium at 38.5 C in 5% CO 2 in air for 2 h until use for freezing experiments.
Freezing and thawing
The cryoprotective solution consisted of 0.7 M glycerol (5% v/v; Nacalai) and 0, 0.05 or 0.1 M sucrose (Nacalai) in D-PBS supplemented with 20% FCS (D-PBS/FCS); osmotic pressure was measured using an osmometer (Vogel, Kevelaer, Germany). Intact or biopsied blastocysts were rinsed with D-PBS/FCS at 37 C, and then transferred to the cryoprotective solution at an ambient temperature (20-24 C). During 10-min equilibration, three to four blastocysts were loaded into each of 0.25-ml straw (IMV, L'Aigle, France). The straws were placed into an alcohol bath in a programmable freezer (ET-1; Fujihira Industries, Tokyo, Japan) precooled to -3.5 C and were ice-seeded at this temperature. Fifteen minutes later, the straws were cooled at a constant rate of 0.5 C/min to -25, -30, or -35 C, and then immediately plunged into liquid nitrogen. The straws were thawed in air for 10 sec, and then in a 37 C water bath for another 2 min. The contents of the straws were expelled directly into 1 ml of BMOC-3 medium at 37 C, and then the recovered blastocysts were washed three times with TCM199/FCS/β-me medium. Each lot of blastocysts was cultured in 100 µl of TCM199/ FCS/β-me medium in a 96-well plate under oil at 38.5 C in 5% CO2 in air for 3 days. Non-biopsied blastocysts that initiated hatching or biopsied blastocysts that regained the initial size of the blastocoel were considered to be surviving.
Statistical analysis
Freezing experiments were repeated 7 times for intact blastocysts (from harvests of 7 IVP attempts) and 4 times (4-7 embryos per experiment) for biopsied blastocysts (from harvests of 14 IVP attempts). A similar number of blastocysts was allocated for each replication. The percentage of post-thaw survival in each replication was arcsinetransformed and analyzed by a Tukey multiple comparison test. A value of P<0.05 was chosen as an indication of statistical significance.
Results
The osmolality of cryoprotective solution consisting of 0.7 M glycerol alone was 1,086 ± 14.2 mOsm/kg, and the addition of 0.05 and 0.1 M sucrose to the solution resulted in an osmolality of 1 , 1 7 6 ± 2 1 . 6 a n d 1 , 2 6 0 ± 3 2 . 9 m O s m / k g , respectively (mean ± SD from 8 measurements). The cryosurvival of intact IVP blastocysts after conventional freezing is shown in Table 1 , as the interaction of the sucrose concentration added to 0.7 M glycerol-containing cryoprotective solution with the subzero temperature at which slow cooling was terminated. A significant difference in the survival rate of IVP blastocysts was only found between blastocysts for which slow-cooling was terminated at -25 C in 0.7 M glycerol alone and those for which slow-cooling was terminated at -30 C in 0.7 M glycerol with 0.01 M sucrose (44.4 vs. 96.2%, P<0.05). The survival rates were >80% when slow cooling was terminated at -25 and -30 C in 0.7 M glycerol plus 0.1 M sucrose and at -25 C in 0.7 M glycerol alone. In the case of biopsied blastocysts, there were no significant differences among the 9 subgroups as shown in Table 2 . However, the survival rate of biopsied blastocysts with slow cooling terminated at -25 C in 0.7 M glycerol alone tended to be lower than those of the other subgroups. The survival rates were >80% when slow cooling was terminated at -25 C in 0.7 M glycerol with 0.05 M sucrose and at -30 C in 0.7 M glycerol with 0.05 and 0.1 M sucrose. Thus, the addition of a small amount of sucrose to 0.7 M glycerol cryoprotective solution shortened the process of slow cooling for both the intact and biopsied bovine blastocysts. 
Discussion
Although in vivo-derived and sex-identified bovine embryos are often used for commercial transfer after cryopreservation, IVP embryos are rarely cryopreserved after biopsy for sexing [17] because they are more sensitive to m icromanipulation and freezing than their in vivoderived counterparts [18, 19] . We have recently reported that IVP and biopsied bovine blastocysts can survive cryopreservation by vitrification using a gel-loading tip as the cryodevice [20] . This type of novel vitrification procedure, characterized by an ultrarapid cooling rate, was originally developed for cryopreservation of bovine oocytes using electron microscope grids [21] and open-pulled straws [22] as the cryodevices. Nevertheless, the conventional freezing procedure of embryos with a programmable freezer and plastic straws is still convenient, especially for technicians working at farms. The results obtained in the present study indicate that more than 80% of IVP and biopsied bo v i n e bl a s t oc y s t s w e r e d e v e l o p m e n t al l y competent under in vitro conditions. The use of cryoprotective solution containing glycerol and/or s u c r o s e a t a r e l a t i v e l y l o w c o n c e n t r a t i o n (osmolality ranged from 1,086 to 1,260 mOsm/kg) made it possible for post-thaw embryos to be diluted in a one-step manner without loss of v i a b i l i t y . H o w e v e r , t h e t r u e v i a b i l i t y o f cryopreserved embryos needs to be investigated by direct transfer into recipients because confirmation of pregnancy or birth of calves is the most rigorous criterion for assessment.
The relationship between the sucrose content of glycerol-based cryoprotective solution and the LN 2 -plunging temperature at which slow cooling is terminated is notable in terms of embryo viability. In both the intact and biopsied blastocyst groups (Tables 1 and 2 , respectively), slow cooling to -25 C followed by rapid cooling in LN2 resulted in poor cryosurvival when sucrose was not added to the solution, suggesting that dehydration was not sufficient and detrimental intracellular freezing occurred during subsequent rapid cooling. At the same plunging temperature, the addition of 0.1 sucrose (for intact blastocysts) or 0.05 M sucrose (for biopsied blastocysts) tended to improve cryosurvival. This result suggests that the nonpermeating sucrose plays an important role in accelerating dehydration before and during slow c oo l i n g [ 7 , 2 3 ] . D e cr e a s i ng t h e p l u ng i n g temperature (0 M sucrose group) was likely very effective for improvement of cryosurvival of intact blastocysts, probably by accelerating dehydration in a temperature-dependent manner, but was not sufficient for biopsied blastocysts probably as a result of their higher sensitivity to the cooling conditions. In contrast, the reduced tendency for the cryosurvival of the intact blastocysts by decreasing the plunging temperature (0.1 M sucrose group) may be due to longer exposure of fully dehydrated embryos to a highly saltconcentrated, extracellular environment.
In conclusion, most bovine IVP and biopsied blastocysts can survive the freezing/thawing procedure in the presence of 0.7 M glycerol plus 0.05-0.1 M sucrose and one-step dilution when slow cooling is terminated at -25 or -30 C. This is an alternative cryopreservation method to the novel ultrarapid vitrification procedure for IVP and biopsied bovine blastocysts that may be suitable for direct transfer in the field.
